Escherichia coli isolates may be the causative agents of urinary tract infections and cases of sepsis and newborn meningitis (23) . Adherence of bacteria to eukaryotic cells contributes to the pathogenicity of these bacteria (29) . The binding to the eukaryotic cell surface is often mediated by fimbrial adhesins, rodlike structures, which can be easily detected by electron microscopy (11) . Adhesion properties can be tested by hemagglutination of strains, using various types of erythrocytes. In addition to fimbriated strains, E. coli isolates which expressed non-or A-fimbrial adhesins were described (5, 15) . These adhesins were also able to confer hemagglutination but were devoid of any fimbrial structures (9, 10) .
In the last years, various non-or A-fimbrial adhesins have been characterized (9, 12, 16, 17, 24) . It has become evident that the nonfimbrial specific adhesion is mediated by single proteins located on the bacterial surface. To gain insight into the genetic basis of non-or A-fimbrial adhesins, the determinants coding for some of these adhesins have been cloned (12, 17, 24) . Cosmid clones derived from a genomic library of E. coli 827 (083:K1:H4) which were able to express nonfimbrial adhesin I (NFA-I) were isolated by Hales et al. (12) . In this study, we have further characterized the gene cluster coding for NFA-I by subcloning and analyzing the gene products. In addition, the nucleotide sequences of the structural gene nfaA and another gene, termed nfaE, were determined. * Corresponding author.
MATERIALS AND METHODS
Bacterial strains and plasmids. E. coli 827 (083:K1:H4) was isolated from urine and blood of an elderly patient (9) . Cosmids pGB3002 and pGB3004 were described recently (12) . A 15.5-kb BamHI-EcoRI fragment derived from pGB3002 was cloned into pBR328, resulting in plasmid pGB3003 (12) . After TnlOOO (-yb) mutagenesis of this plasmid, a 10-kb EcoRI fragment of a yb insertion mutant was further subcloned into pUC19, leading to plasmid pPS3, which contained parts of the -yb element. Plasmid pPS3 then was used to generate various subclones, depicted in Fig. 1 . As recipients, E. coli K-12 CC118 and JM109 were used. Fragments were inserted into the cloning vector pUC18 or pUC19 (35) .
Media and reagents. Bacterial strains were grown on Luria-Bertani (LB) agar plates or in liquid LB medium, as described before (12 (31) . Ligation of DNA fragments was carried out as described previously (26) . Competent cells for DNA transformation were prepared by the CaCl2 method (19) .
Southern hybridization. DNA fragments separated by agarose gel electrophoresis were transferred to nitrocellulose paper as described previously (26) . Synthetic oligonucleotides were prepared as described by Becauge and Caruthers (la) and labelled by T4 polynucleotide kinase reaction (26), using [y-32P]ATP. The sequence of the oligonucleotide DNA probe was deduced from the N-terminal amino acid sequence of the NFA-I structural subunit and reads as follows: 5'-AACGTAAACGCTGGCGATGG-3'.
DNA sequencing. DNA sequencing was performed by the dideoxy chain termination method of Sanger et al. (27) , using [a-32P]dATP. Double-stranded DNA of recombinant pUC plasmids was used for sequencing. The primers were synthetic oligodeoxyribonucleotides, prepared by an automated phosphoramidite coupling method (la) . Sequencing was carried out with a T7 sequencing kit (Pharmacia, Freiburg, Germany), including universal primer (35) .
Computer analysis. General compilation and analysis of DNA sequences were performed with the UWGCG programs obtained from Devereux (3) . The software package of PC Gene was also used (Intelli-Genetics, Geneva, Switzerland [13] ).
Minicell analysis and SDS-PAGE. For analysis of plasmidencoded proteins, the recombinant nfaI-specific DNAs were transformed in E. coli DS410 (4) . Proteins were labelled with 35S-methionine (21) . Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was performed by the method of Laemmli (18) . For prevention of signal peptide processing, 9% ethanol was added to the assay medium.
Isolation of NFA-I and Western blot analysis. Bacteria grown on LB agar at 37°C for 24 h were harvested into phosphate-buffered saline (PBS; pH 7.2). Preparation of NFA-I from this suspension was carried out as described recently (12) . Western blot (immunoblot) analysis was performed as described by Towbin et al. (32) .
Preparation of MAbs. Anti-NFA-I monoclonal antibodies (MAbs) were prepared by immunization with purified NFA-I as described before (20 Immunoelectron microscopy. Bacteria grown overnight at 37°C on agar were suspended in PBS and transferred to Formvar-coated copper grids. Labelling with anti-NFA-I MAbs and protein A-conjugated gold spheres was carried out as described previously (20) . Electron microscopy was performed with a Phillips EM450 TIST electron microscope.
Hemagglutination assay. For rapid detection of NFA-I expression, recombinant E. coli clones grown on LB agar at 37°C were removed with a sterile toothpick and mixed with 20 pl of a 10% suspension of fresh human erythrocytes diluted in PBS. Agglutination was performed on glass slides, which were incubated on ice to enhance the agglutination reaction.
RESULTS
Subcloning of the nfaI determinant. Cosmid pBG3002 derived from a gene library of E. coli 827 (12) carries the DNA region responsible for expression of NFA-I. Subcloning and TnlOOO mutagenesis revealed that the genes necessary for NFA-I production must be located between the SphI site (coordinate 9.0) and beyond the SalI site (coordinate 13.5; Fig. 1 ; cf. reference 12). We have constructed subclones starting with plasmid pPS3 consisting of vector pUC19 and an EcoRI fragment of 10.0 kb (see Materials and Methods). The recombinant E. coli K-12 clones were tested for hemagglutination of human erythrocytes, indicating the expression of NFA-I. Of the constructed plasmids ( Fig. 1) , only pPS3 and pAH1010 are able to confer strong hemagglutination to the E. coli K-12 host strain. Plasmid pAH1004 confers only weak hemagglutination activity. Thus, expression of NFA-I seems to be mediated by a stretch of approximately 6 to 8 kb, located between the SacI site (coordinate 7.0) and the EcoRI site at coordinate 15.0. recombinant E. coli K-12 strain JM109 (pAH1010). Furthermore, NFA-I was isolated from the recombinant clone. The preparation was applied to SDS-PAGE ( Fig. 3 Sequence analysis of the region at the KpnI site (coordinates 11.0 to 11.5; Fig. 1 (Fig. 6) .
Nucleotide sequence of the structural NFA-I subunit gene nfaA. The region between map positions 13.0 and 15.0 kb ( Fig. 1 and 6 ) was sequenced and analyzed for the presence of an ORF encoding the NFA-I subunit protein. One ORF was found in this region. The nucleotide sequence and the deduced amino acids are given in Fig. 7 (Fig. 7) . It is therefore concluded that nfaA encodes the NFA-I subunit protein NfaA. As mentioned above, the polymeric NFA-I disintegrates into monomers upon heat treatment. Aside from the 19-kDa monomers, a protein band of 30 kDa is detected in preparations even after treatment at 100°C (Fig.  3) . The N-terminal amino acids of this protein were sequenced. The sequence corresponds exactly to the N-terminal amino acid sequence elaborated for the 19-kDa NFA-I monomer (data not shown; cf. Fig. 7 Fig. 1 ) revealed an ORF of 247 amino acids with a putative signal sequence of 29 amino acids (Fig. 8) . The ORF starts at positions 76 to 78 with -ATG-and ends at positions 817 to 819 with -TGA-. The calculated molecular weight of the precursor protein is 27,000 and that of the mature protein is 24,000. Cleavage by the signal peptidase (7) might occur between Ala and Ala at positions 162 to 163 (arrow). Upstream of the ORF a ribosome-binding site (Shine-Dalgarno) sequence is found. The 30.5-kDa protein found in minicells might be referred to this ORF (see above). Computer analysis revealed a similarity of 60% between this ORF and the 27-kDa protein involved in the assembly of CS3 fibrillae (Fig. 9) (14) . DISCUSSION NFA-I which mediates agglutination of human erythrocytes is produced by uropathogenic E. coli strains (9) . It is suggested that NFA-I expression contributes to the virulence of strains because it may facilitate their colonization on host cells during urinary tract infections. Recent data (10) furthermore indicated binding of E. coli to polymorphonuclear leukocytes via NFA-I, a process which also may be relevant to pathogenicity.
We have analyzed the genetic structure of the nfaI determinant and have identified and sequenced the subunitspecific gene nfaA. The 19-kDa NFA-I subunit NfaA seems to be a unique protein because its deduced amino acid sequence is unrelated to sequences of other nonfimbrial adhesins such as the A-fimbrial adhesin I adhesin (AfaE) and the blood group M agglutinin (BmaE) or to the sequences of the Dr fimbrial agglutinin (DraA) and the F1845 fimbrial adhesin (DaaE [17, 24, 30] (Fig. 7) . The molecular weight of the mature protein calculated by the amino acid sequence is 16,000, differing from the size of 19 kDa estimated by SDS-PAGE.
The NfaA protein contains two cysteine residues, which may form a disulfide bridge. The positions of the two cysteine residues in NfaA (Cys-29 and Cys-63) are nearly the same as the position of cysteine residues, which are found in the fimbrillins FsoA and FstA of P fimbriae (33, 34) as well as in the structural subunit protein AfaE or DraA (17, 30) . The NfaA protein seems to be highly hydrophilic as predicted by Kyte-Doolittle and Goldman et al. (3, 13) . The amino acid compositions of NfaA, AfaE, BmaE, and DraA and of the fimbrillins FsoA and FstA surprisingly have a high content of glycine (around 12 mol%), pointing to a relatively flexible protein, and the very high content of serine and threonine (16 to 23 mol%) indicates that hydrogen bonds are probably important in building up high-molecular-weight polymeric structures. In this respect, it is noteworthy that upon heat disintegration a certain portion of NFA-I remains as relatively stable dimers. From the primary amino acid sequence of NfaA monomers the prediction of the secondary structures revealed 17% a-helices and a high content (35 to 45%) of 1-sheets. Analyses of AmidI and AmidI' infrared absorption bands of NFA-I confirm the preponderance (-50%) of 3-sheets (1). The ORF, termed nfaE, detected at the proximal end of the nfaI gene cluster exhibits 60% similarity to the 27-kDa CS3 protein, which might be involved in transport and assembly of CS3 fibrillae (14) . A similar function might be attributed to the NfaE protein that could correspond to the 30.5-kDa protein found in minicell analysis.
Besides the nfaI determinant, gene clusters coding for other nonfimbrial adhesins have been cloned and analyzed recently (16, 17, 24) . Also, the Dr fimbrial hemagglutinin, originally described as a nonfimbrial adhesin (11) , and the closely related F1845 fimbrial adhesin have been cloned and genetically characterized (30) . Despite the fact that the gene coding for the structural protein of NFA-I does not exhibit any homology to loci responsible for subunits of the other adhesins, the gene structures of the corresponding determinants share common features (Fig. 10) . In all cases, five genes are responsible for full expression of the adhesion phenotype. These genes are located on a stretch of DNA of approximately 6 to 8 kb. In addition, the genes encoding the respective adhesin structural proteins are located at the distal (3') end of the gene clusters.
Interestingly, large proteins like the NfaC gene product are found in all nonfimbrial adhesins as well as in fimbrial adhesin complexes. It is shown that such large anchor proteins are involved in the biogenesis of fimbriae and fibrillae (22, 25, 28 
